A 50 m thick and 150 m long dunite body occurs as a subconcordant, tabular structure in the Balmuccia Massif, an Alpine peridotite thought to represent part of the subcontinental mantle. The contacts with the host spinel-facies depleted lherzolite are sharp. The dunite body is composed of spinel-rich dunite containing centimetre-size lenses of relict Cr-diopside websterite, spinel-poor granoblastic dunite and virtually monomineralic Cr-spinel layers exhibiting flow structures. Orthopyroxene is a minor, relict phase in all the lithologies; clinopyroxene is intergranular and amphibole is a minor accessory phase. Overall the dunite body is fairly refractory (Fo in olivine: 90Á7^93Á8). Strontium and neodymium isotope ratios of clinopyroxene separates from the dunitic body resemble those of a Cr-diopside websterite suite that forms a series of dykes cutting the main peridotite host. It is proposed that the dunites were generated in a part of the mantle veined by early Cr-diopside websterites by a three-stage process involving partial melting of pyroxenite, infiltration of the pyroxenite-derived melt into the depleted lherzolite and its consequent open-system partial melting and focused flow of the resultant partial melts leading to the production of reactive dunite channels through both peridotite and pyroxenite. This process has been simulated using pMELTS assuming that the pyroxenite partially melts at 1Á5 GPa and focused melt transport occurs at pressures greater than 0Á7 GPa. The results show that, depending on the focusing factor assumed, dunite can form from peridotite at P 51Á2 GPa and from pyroxenite at P 51Á1 GPa, in both cases over a large pressure range.
A 50 m thick and 150 m long dunite body occurs as a subconcordant, tabular structure in the Balmuccia Massif, an Alpine peridotite thought to represent part of the subcontinental mantle. The contacts with the host spinel-facies depleted lherzolite are sharp. The dunite body is composed of spinel-rich dunite containing centimetre-size lenses of relict Cr-diopside websterite, spinel-poor granoblastic dunite and virtually monomineralic Cr-spinel layers exhibiting flow structures. Orthopyroxene is a minor, relict phase in all the lithologies; clinopyroxene is intergranular and amphibole is a minor accessory phase. Overall the dunite body is fairly refractory (Fo in olivine: 90Á7^93Á8). Strontium and neodymium isotope ratios of clinopyroxene separates from the dunitic body resemble those of a Cr-diopside websterite suite that forms a series of dykes cutting the main peridotite host. It is proposed that the dunites were generated in a part of the mantle veined by early Cr-diopside websterites by a three-stage process involving partial melting of pyroxenite, infiltration of the pyroxenite-derived melt into the depleted lherzolite and its consequent open-system partial melting and focused flow of the resultant partial melts leading to the production of reactive dunite channels through both peridotite and pyroxenite. This process has been simulated using pMELTS assuming that the pyroxenite partially melts at 1Á5 GPa and focused melt transport occurs at pressures greater than 0Á7 GPa. The results show that, depending on the focusing factor assumed, dunite can form from peridotite at P 51Á2 GPa and from pyroxenite at P 51Á1 GPa, in both cases over a large pressure range.
The model accounts for specific characteristics of the dunite, such as its refractory composition, the presence of orthopyroxene relics, the occurrence of relict websterite lenses in the spinel-rich dunites and the flow structures in the Cr-spinel layers. The proposed mechanism allows dunite formation to occur well within the spinel stability field, and therefore at greater depth than dunites in ophiolites, which generally formed within the plagioclase stability field. The aggregated model melts extracted from the segments where dunite forms are high-Mg alkali basalts resembling, after olivine fractionation, the compositions of enriched-type mid-ocean ridge basalt from slow-and ultraslow-spreading ocean ridges.
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I N T RO D UC T I O N
Tabular dunite bodies occurring in ophiolites are held to be the result of the reaction between the ambient mantle peridotite and melts flowing in high-porosity channels (Bodinier, 1988; Kelemen & Dick, 1995; Suhr, 1999; Morgan & Liang, 2005) . In the mantle system the olivine primary field expands at the expense of pyroxenes at decreasing pressure (O'Hara, 1968; Stolper, 1980) . Therefore, dunites are the expected result of the reaction between melts infiltrating mantle levels shallower than those of the melt source (Kelemen et al., 1997; Morgan & Liang, 2005) . This is the reason why most ophiolitic dunites occur at relatively shallow (plagioclase-facies) mantle levels. These dunites are generally equilibrated with midocean ridge basalts (MORB) consistent with their being conduits for MORB magma transport (Kelemen et al., , 1997 Piccardo et al., 2007) . Other dunites, however, exhibit geochemical features consistent with magma types other than MORB (Kelemen et al., 1997, p. 293) , such as alkali basalts, possibly related to ocean island basalts (OIB), or highly refractory boninitic melts, possibly representative of subduction-related magmas (e.g. the highly refractory dunites in the Bay of Islands ophiolite; Suhr et al., 2003) .
In this study, we examine anhydrous, tabular dunites and associated Cr-spinel layers occurring in the Balmuccia Peridotitic Massif (Western Italian Alps). On the basis of the field relationships, petrology and modelling, we propose that these dunites were generated from the interaction of an ambient peridotite^pyroxenite sequence with melts derived from a deeper peridotite source that had been previously fertilized by melt migration and the formation of pyroxenite veins. Various workers have interpreted certain characteristics of MORB and OIB geochemistry as a signature of pyroxenite-derived melts (e.g. Hirschmann & Stolper, 1996; Lundstrom et al., 2000; Hirschmann et al., 2003; Keshav et al., 2004; Seyler et al., 2007) . The composition of these melts has been constrained by a number of experimental studies (Kogiso & Hirschmann, 2001; Hirshmann et al., 2003; Kogiso et al., 2003 Kogiso et al., , 2004 Pertermann & Hirschmann, 2003a , 2003b Keshav et al., 2004) . However, as far as we know, natural examples of direct interaction between pyroxenite melts and peridotite are lacking and the results of this study may bridge a gap between the experimental results and the specific characteristics of those mantle-derived melts attributed to pyroxenite influence.
T H E B A L M UC C I A P E R I D OT I T E M A S S I F A N D I T S D U N I T E S
Balmuccia is one of the subcontinental mantle peridotite bodies occurring in the Southern Domain of the Western Italian Alps (Lensch, 1971; Rivalenti et al., 1975; Ernst, 1978) . It consists of a 4Á5 km long, 0Á8 km wide lens crossing the Val Sesia just east of the Insubric line (Fig. 1) . The massif is associated with the mafic^ultramafic Ivrea^Verbano complex, which shows an igneous contact at its eastern margin and a tectonic one at its western margin, where septa of highly depleted metasediments of the Kinzigitic Formation also appear (Rivalenti et al., 1975) . The Balmuccia peridotite has a dominant NNE^SSW-trending foliation determined by flattening and elongation of olivine and pyroxenes and by preferential concentrations of minerals (Rivalenti et al., 1975; Shervais, 1979) . In places, this foliation evolves to a porphyroclastic texture with a secondary foliation parallel to the peridotite contact at its eastern margin.
The dominant peridotite type is lherzolite. The lherzolites are discordantly cut by abundant websterite dykes, distinguished on the basis of the clinopyroxene composition into an older Cr-diopside suite (websterites, ol-websterites and orthopyroxenites) and a later Al-augite suite (websterites and late gabbros; Shervais, 1979) . Both dyke suites have sharp contacts against the peridotite. The Al-augite dykes may exhibit a thin, pyroxenitic reaction rim, whereas, occasionally, centimetre-to decimetre-wide dunitic bands occur at the contact between the Cr-diopside dykes and the host rock. Both the Cr-diopside and Al-augite suites comprise several dyke generations, distinguished on the basis of their mutual intersections, deformation patterns and composition (Capedri et al., 1977; CominChiaramonti et al., 1982; Sinigoi et al., 1983; Shervais & Mukasa, 1991) . These dykes therefore represent a prolonged period of melt intrusion, possibly related to the accretion of the peridotite from the asthenosphere to the lithosphere and, finally, to the Permian intrusion of the maficû ltramafic Ivrea^Verbano complex, when the peridotite body had already been incorporated in the deep crust (Peressini et al., 2007) .
The lherzolites have experienced moderate degrees of melt extraction. None of the websterites appear to be representative of a melt; rather, they are interpreted as mineral segregations from melts flowing into the peridotite (Sinigoi et al., 1983; Ottonello et al., 1984; Shervais & Mukasa, 1991; Mukasa & Shervais, 1999) .
Reactive dunites occurring within the Balmuccia Massif have been studied previously by Rivalenti et al. (1995) and Mukasa & Shervais (1999) . These dunites never exceed 40 cm in thickness and are systematically in contact with the websterite dykes. Those workers concluded that the dunites originated by pyroxene-dissolving reactions caused by melt infiltration into the wall-rock from the dyke conduit.
We have recently found two other dunite types of much larger dimensions: (1) anhydrous dunites, 10 cm to 40^50 m thick, characterized by the presence of discontinuous layers of Cr-rich spinel; (2) dunite lenses 15^20 m thick and up to 60 m long containing pods and veins rich in amphibole, phlogopite, plagioclase and rutile. As these two dunite occurrences, in addition to their lithological association, also have marked geochemical and petrological differences, we discuss here only the petrochemistry of the anhydrous dunites; the hydrous lithologies will be discussed elsewhere.
F I E L D C H A R AC T E R I ST I C S
The anhydrous dunites appear as lenses or tabular bodies concordant with the peridotite foliation. The thinnest ones ($10 cm) contain Cr-rich spinel trails at their centre. To date, the largest body found is $50 m thick, can be followed along strike over a distance of about 150 m, and is the focus of this study. This dunite is cut by the Sesia River and its location is shown in Fig. 1 . Sampling locations and internal structures are illustrated in Figs 2 and 3, respectively. The contact between the dunite and the dominant lherzolite rock type is sharp.
The internal structure of the dunite body consists of an association of various rock types occurring in irregular, but persistent bands. The different bands may fade laterally into each other or have sharp contacts. The lithological types constituting the bands are as follows.
(1) Massive spinel layers. One main, almost monomineralic layer, $10 cm thick, occurs in the central part of the dunite (Fig. 3a) and can be followed over a distance of about 30 m. Along strike, this layer fades out into a spinel-rich dunite. It exhibits flow structures (Fig. 3b) , laterally grading into dunite through a thin region where spinel streaks alternate with lensoidal bodies of dunite rimmed by spinel trails. 32  31  30  28b  29  28  27  25  26  23  24  22  21  20  19  18  17  16  15  14  13 12  11  10  9  8  7  6  5  4   3   2   50  49  48  47 46 45 44 Table 1 . Lherzolites from BC205 to BC209 were collected west of the dunite^lherzolite contact at 3 m. intervals. Diameter of the drill holes is 2Á5 cm. The length of the compass is 8 cm. The boxes indicate the location of the outcrops shown in Fig. 3 and the arrows the distance from the drill profile. The outcrop of Fig. 3d is located about 50 m south of the drill profile, on the right bank of the Sesia River.
(2) Spinel-rich dunites containing Cr-diopside websterite lenses. These dunites contain the massive spinel layers described above. They are pervasively, but randomly ( Fig. 3b ) spinel-enriched with respect to the 'normal' dunite described below. Cr-diopside websterite lenses, generally not exceeding 10 cm in length and 5 cm in width, are always present but constitute less than 1% of this dunite type (Fig. 3c) . These lenses are elongated in the foliation plane defined by the spinel bands and the lithological contacts between the various rock types.
(3) 'Normal' dunites. These are intercalated with the spinel-rich ones and are distinguished by their low modal spinel and absence of websterite lenses. They are granular rocks in which foliation is nearly absent.
(4) Cr-diopside websterite dykes. Two dykes, $10 cm thick, discordantly cut the dunites and their structures and thus were clearly emplaced after the formation of the dunite. The contacts between the dunites and Cr-diopside dykes are sharp.
A number of 'ghost' Cr-diopside websterite dykes were observed within the dunite near the southern margin of the body. These dykes are $1cm thick, folded, and cut the dunite foliation at a high angle. The original clinopyroxene has largely been replaced by spinel and olivine (Fig. 3d) .
P E T RO G R A P H Y
Estimated modal proportions are reported inTable 1. These values are only indicative in view of the fine-scale modal variations illustrated in Fig. 3 .
The two dunite types ('normal' and spinel-rich containing Cr-diopside websteritic lenses) have a granoblastic texture, often equigranular, with 1208 triple junctions between the olivine crystals and rectilinear or slightly curved grain boundaries (Fig. 4a) . Kink bands in olivine are common. Olivine may contain grains of euhedral spinel and relic orthopyroxene ( Fig. 4b and c) . A granoblastic rim also separates the Cr-diopside lenses from the dunite. In general, clinopyroxene occurs as an interstitial phase at grain boundaries or triple junctions. Normally, it is a clean, unstrained phase rarely showing exsolution lamellae. Clinopyroxene may enclose euhedral olivine and spinel. BC1PD  37Á71  0Á08  3Á13  4Á81  7Á73  0Á22  0Á32  45Á33  0Á96  0Á04  100Á32  91Á26  83  tr  4  13   BC1CR  19Á84  0Á42  20Á76  21Á80  8Á22  0Á83  0Á15  26Á76  1Á31  0Á06  100Á15  85Á30  33  tr  6  61   BC27  34Á70  0Á10  5Á51  7Á64  7Á75  0Á27  0Á29  43Á02  0Á96  0Á05  100Á29  90Á82  75  4  21   BC46  38Á63  0Á09  3Á13  4Á29  7Á51  0Á20  0Á32  43Á99  2Á08  0Á09  100Á32  91Á26  79 The normal dunites have low modal clinopyroxene (53 vol.%) and spinel (55 vol.%), whereas in the dunites associated with Cr-diopside websteritic lenses the modal clinopyroxene may be as high as 12% and spinel 36%.
Orthopyroxene is rare, usually highly deformed, showing abundant exsolution lamellae and may occur in olivine (Fig. 4c) . When present as an intergranular phase, it has lobate contacts against the surrounding crystals. Spinel is euhedral or subhedral, located at the grain boundaries and triple junctions. In some cases it contains inclusions of olivine or clinopyroxene. Amphibole and, in one case, phlogopite (BC6) are very minor accessory interstitial phases. Many samples contain veins of fine-grained neoblasts (olivine and minor clinopyroxene AE amphibole) at the grain boundaries (Fig. 4d) . The Cr-diopside websteritic lenses are dominantly composed of clinopyroxene, less abundant orthopyroxene, and minor olivine and spinel. Both pyroxenes are highly deformed and have abundant exsolution lamellae.
The Cr-spinel layers have, in addition to high modal spinel and olivine, relatively high modal interstitial clinopyroxene (up to 11%). Clinopyroxene, and more rarely orthopyroxene, may also occur as inclusions in spinel.
The websterite dykes cutting the dunites are Cr-diopside rich, like those described by Rivalenti et al. (1995) and Mukasa & Shervais (1999) . Orthopyroxenes are highly exsolved. Olivine and spinel occur in variable amounts.
A NA LY T I C A L M E T H O D S
Bulk-rock analyses were carried out according to methods described by Rivalenti et al. (2004) at the Dipartimento di Scienze della Terra, University of Modena and Reggio Emilia.
Trace elements in clinopyroxene and amphibole were analysed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Istituto di Geoscienze e Georisorse-CNR, Unit of Pavia, consisting of an Elan DRC-e mass spectrometer coupled with a Q-switched Nd:YAG laser source (Quantel Brilliant). The fundamental emission of this laser (1064 nm) was converted to 266 nm by two harmonic generators. Helium was used as carrier gas, mixed with Ar downstream of the ablation cell. The spot diameter was 50^60 mm. NIST SRM 610 glass was used as an external standard, with 44 Ca as the internal standard. Routine analyses consisted of 1min background acquisition and 1min of sample ablation. Precision and accuracy, both better than 10% for concentrations at the ppm level, were assessed from repeated analyses of NIST SRM 612 and BCR-2g standards.
Electron microprobe analyses of the mineral phases were performed using the automated Cameca-Camebax SX100 electron microprobe of the CAMPARIS microanalysis centre (Unversity of Paris VI). Analytical conditions are 15 kVacceleration voltage, 15 nA beam current and focused beam for 10^20 s counting times. Detection limits are within 0Á01^0Á03 wt %. Matrix correction was carried out using methods given by Bence & Albee (1968) .
Sr and Nd isotope analyses were performed at the Department of Earth Sciences, University of Firenze following the procedure outlined by Avanzinelli et al. (2005) . The samples were ground and clinopyroxene in the 0Á1^0Á2 mm size fraction was concentrated magnetically and was then further purified by handpicking using an optical binocular microscope. About 200^300 mg of each separated clinopyroxene fraction was first leached in warm 6N HCl in an ultrasonic bath for 1h, then repeatedly rinsed with Milli-Q water and finally dissolved in a HF^HNO 3^H Cl mixture. Strontium and neodymium fractions were separated following standard chromatographic techniques using AG50x8 and Ln Spec resins with HCl as eluent. The total procedural blank was 5300 pg for Sr and 5150 pg for Nd, making blank correction negligible.
Mass spectrometric analyses were performed on a Thermo Finnigan Triton-Ti thermal ionization mass spectrometer equipped with nine movable collectors. 
A NA LY T I C A L R E S U LT S Bulk-rocks
Major element analyses are reported in Table 1 concentration, and similar or slightly higher FeO. As Ni concentrations in olivine from both dunite and lherzolite are similar (see next section), the higher bulk-rock NiO content is a consequence of higher modal olivine in the dunites.
Mineral phases Olivine
Olivine in the dunites (selected analyses are given in Table 2 and the complete dataset is given in Electronic Appendix 1, available for downloading at http://www.petrology.oxfordjournals.org/) is Fo 90Á7^93Á8 in composition and is more magnesian than that in lherzolites not in contact with websterites (Fo 88Á3^90Á8; Rivalenti et al., 1995) . It is also more magnesian than olivine in most ophiolitic dunites (Nicolas, 1989 (Nicolas, , pp. 2272 Suhr et al., 1998; Piccardo et al., 2007) . Most dunites have NiO concentrations in olivine in the same range as that of olivine in the lherzolites (NiO 0Á20^0Á53 wt %, Fig. 6 ). Olivine is slightly zoned, with rims about 1% Fo richer than cores. Olivine in the Cr-diopside lenses has a composition similar to that of the host dunite, whereas in the Cr-diopside websterite dykes the olivine composition is in the range of Fo 87Á1^89Á7 (Rivalenti et al., 1995) . The compositions of Cr-diopside websterites and lherzolites away from the websterite dykes (Rivalenti et al., 1995 , and new data in Table 1 ) are shown for comparison. The arrows join the composition of the end-members olivine^clinopyroxene and olivine^spinel. The compositions of the clinopyroxene and spinel end-members plot outside the diagrams, as do two samples of Cr-spinel layers (BC1Cr and BC47) that are very rich in modal spinel (see Table 1 ).
Clinopyroxene
Clinopyroxene in the dunite body has the highest MgO concentrations (up to 17Á4 wt %) and Mg-number (92Á3^95Á2) so far found in the Balmuccia Massif ( BC1A  41Á34  0Á01  0Á00  0Á01  7Á32  0Á12  0Á46  51Á05  0Á00  100Á31  92Á55   BC1B  41Á45  0Á01  0Á01  0Á05  6Á53  0Á11  0Á48  51Á70  0Á02  100Á36  93Á38   BC1C  41Á36  0Á01  0Á02  0Á02  7Á46  0Á12  0Á40  51Á06  0Á02  100Á47  92Á42   BC47  41Á43  0Á03  0Á01  0Á02  7Á22  0Á11  0Á36  51Á30  0Á01  100Á49 92Á68
Dunites þ Cr-diopside websterite lenses 41Á23  0Á01  0Á00  0Á08  8Á07  0Á12  0Á43  50Á48  0Á02  100Á44  91Á77   BC20  41Á07  0Á00  0Á01  0Á05  8Á07  0Á13  0Á27  50Á32  0Á03  99Á95  91Á74   BC23  41Á18  0Á01  0Á00  0Á00  7Á96  0Á11  0Á33  50Á57  0Á01  100Á17  91Á88   BC27  41Á04  0Á01  0Á00  0Á02  7Á36  0Á12  0Á24  50Á78  0Á01  99Á58  92Á48   BC45  41Á35  0Á01  0Á00  0Á02  7Á44  0Á14  0Á32  51Á05  0Á02  100Á35  92Á44 Cr-diopside lenses
Lherzolites at dunite contact BC205  40Á84  0Á02  0Á00  0Á02  9Á84  0Á21  0Á43  48Á94  0Á00  100Á30  89Á86   BC206  40Á93  0Á01  0Á01  0Á05  9Á26  0Á22  0Á44  49Á34  0Á02  100Á28  90Á47   BC207  40Á68  0Á02  0Á01  0Á06  10Á02  0Á24  0Á51  48Á52  0Á02  100Á08  89Á61 Cr-diopside websterite dykes
FeO tot , total iron. Sample BC1B corresponds to the centre of a Cr-spinel layer (BC1Cr in Table 1 ); samples BC1A and BC1C correspond to the two rims of the Cr-spinel layer toward the peridotite (BC1Pd in Table 1 ).
Another characteristic of the clinopyroxenes is their large compositional variability at the thin-section scale and their strong zoning (Electronic Appendix 2). This is particularly marked in the pyroxenes of the massive spinel regions. Zoning invariably consists of an increase of MgO and Mg-number, and decrease of all the other oxides, including Cr 2 O 3 , from core to rim. This zoning is probably caused by element diffusion between clinopyroxene and the contact spinel during sub-solidus re-equilibration.
Spinel
Spinel compositions are reported in Table 4 and Electronic Appendix 3. In an Mg-number^Cr-number diagram [Cr-number ¼ atomic Cr Â100/(Cr þAl)] the 'normal' dunites define a negative variation trend where the low Cr-number end-member is represented by the spinels of the lherzolites (Fig. 8a) . With respect to this array, the spinels of the massive spinel layers and of the spinel-rich dunites cluster at higher Cr-number values for a comparable Mg-number range. Spinels in the Cr-diopside websterites form a variation trend at lower Cr-number values with respect to the 'normal' dunites. Spinels in the dunite transect are enriched in TiO 2 with respect to those of the lherzolites, whose variation range is within the field of abyssal peridotites (Fig. 8b) . TiO 2 concentration increases from the spinel layers to the 'normal' dunites. Compared with spinel from dunites in other geological settings, these spinels have lower Cr-number and TiO 2 than those from the Samail ophiolite in Oman, as well as the Atlantic and Pacific ophiolites. They are similar only to those of the dunites from the South West Indian Ridge (Bullard, Marie Celeste and Vulcan Fracture Zones, Kelemen et al., 1997) .
Similar to clinopyroxene, spinel is zoned (Electronic Appendix 3), especially in the massive spinel layers.
Rims are both enriched and depleted in the chromite component, depending on the surrounding silicates (Electronic Appendix 3). In particular, spinel rims are richer in Mg-number and lower in Cr-number at the contact with olivine, whereas the reverse happens at the contact with clinopyroxene.
Orthopyroxene
Orthopyroxene (Table 5) in the dunites and the Cr-spinel layers has much higher MgO concentrations (34Á8^35Á8 wt %) and Mg-number values (91Á5^92Á6) than that in the host lherzolites (MgO 32Á4^34Á1wt %, Mg-number ¼ 88Á8^91Á3, Rivalenti et al., 1995) , similar to all the other silicate phases in the dunite. Compared with the lherzolites, orthopyroxene in the dunite is depleted in Al 2 O 3 and FeO, enriched in TiO 2 and has comparable Na 2 O, Cr 2 O 3 and NiO concentrations. Orthopyroxene compositions correlate very poorly, or not at all, with those of the coexisting clinopyroxene, thus suggesting that they are not in chemical equilibrium, consistent with the textural relationships. The lack of textural and chemical equilibrium between clino-and orthopyroxene does not permit geothermometric estimates from these phases.
Amphibole
Amphibole (Table 6 ) is edenite in composition in the late Cr-diopside dykes and in the BC34 pyroxenite lens and pargasite in the dunites. Mg-number values range from 87Á1 (Cr-diopside websterite dyke BC44) to 89Á9 (dunite BC3). Because of its negligible amount and sporadic occurrence, amphibole will not be discussed further in the paper.
T R AC E E L E M E N T S I N C L I N O P Y ROX E N E
Trace element concentrations in clinopyroxene are reported inTable 3 and illustrated in Fig. 9 . Clinopyroxenes in the Cr-spinel layers and in the Cr-diopside-bearing dunites have rare earth element (REE) patterns depleted in light REE (LREE) (La n /Yb n ¼ 0Á18^0Á36) and almost flat from middle REE (MREE) to heavy REE (HREE) (Gd n /Yb n ¼ 0Á93^0Á96, Fig. 9b ; normalization to estimated Primitive Mantle (PM), Hofmann, 1988) . In normalized diagrams, they are also depleted in Nb, Zr, Hf and Ti, and are slightly enriched in Sr with respect to the adjacent REE (Fig. 9a) .
The 'normal' dunites display two types of REE pattern: (1) LREE-depleted (La n /Yb n ¼ 0Á17^0Á27) with a linear trend (BC3, BC48, BC50, Fig. 9d) ; (2) spoon-shaped patterns (La n /Nd n ¼1Á02^1Á40; Gd n /Yb n ¼ 0Á45^0Á56; BC14, BC17 and BC32; Fig. 9f ). These clinopyroxenes are all depleted in Nb and Zr, weakly depleted in Hf and Ti, and enriched in Sr ( Fig. 9c and e) . Similar to the clinopyroxenes of the Cr-spinel layers, those from the Cr-diopside lenses BC34 and BC45 are LREE depleted (La n /Yb n ¼ 0Á23^0Á26, Fig. 9h ), and they exhibit a flat MREE to HREE pattern or slight HREE enrichment (Gd n /Yb n ¼ 0Á82^0Á99), and a positive Sr spike and negative Nb, Zr, Hf and Ti spikes (Fig. 9g) .
Clinopyroxene in the websterite dyke BC24 differs from those of the websterite lenses in its relative enrichment in MREE and consequent upward-convex pattern (La n / Yb n ¼ 0Á24 and Gd n /Yb n ¼1Á09, Fig. 9h ). Also, it does not display any Sr anomaly (Fig. 9g) , being, therefore, compositionally similar to the clinopyroxenes of the Cr-diopside websterites reported by Rivalenti et al. (1995) and Mukasa & Shervais (1999) . Figure 9 also compares the trace element clinopyroxene patterns from this study with those of the lherzolites and Cr-diopside dykes reported by Rivalenti et al. (1995) . The trace element profiles of the clinopyroxenes from the dunite transect plot between those of the pyroxenes in lherzolites and Cr-diopside dykes and approach the concentrations observed in lherzolites for the more compatible trace elements. The HREE concentrations of the dunitic clinopyroxene are on average similar to, or slightly higher than, those in lherzolite, whereas their LREE concentrations approach those observed in the Cr-diopside dykes. Sample: BC1A  BC1B  BC1C  BC47  BC3  BC14  BC17  BC32  BC48  BC50  BC6  BC9  BC11   SiO 2  53Á09  53Á65  53Á69  53Á99  53Á39  53Á18  55Á23  53Á34  53Á82  52Á99  52Á78  53Á41 53Á65   TiO 2  0Á37  0Á34  0Á37  0Á45  0Á43  0Á47  0Á04  0Á50  0Á41  0Á39  0Á40  0Á20  0Á3   Al 2 O 3  3Á30  2Á62  3Á03  3Á03  3Á44  3Á58  0Á79  3Á66  3Á75  3Á50  4Á47  2Á94  2Á63   Cr 2 O 3  1Á32  1Á18  1Á22  1Á22  1Á23  1Á35  0Á13  1Á25  1Á29  1Á07  1Á18  0Á99 6Á13  9Á42  9Á84  9Á50  10Á07  10Á37  8Á37  10Á91  9Á66   Zr  12Á19  5Á72  9Á60  13Á36  8Á13  9Á15  12Á55  6Á52  12Á26  8Á49   Nb  0Á054  0Á115  0Á051  0Á108  0Á185  0Á429  0Á647  0Á333  0Á125  0Á129   Hf  0Á488  0Á570  0Á269  0Á564  0Á337  0Á216  0Á454  0Á231  0Á471  0Á404   Ta  0Á027  0Á023  0Á023  0Á023  0Á013  0Á007  0Á017  0Á007  0Á014   La  0Á600  0Á264  0Á564  0Á607  0Á660  0Á909  1Á383  0Á989  0Á564  0Á436   Ce  2Á156  0Á973  1Á799  2Á088  1Á677  2Á315  2Á820  2Á187  1Á799  1Á455   Nd  2Á197  1Á486  2Á100  2Á465  1Á520  1Á548  2Á500  1Á368  1Á993  1Á617   Sm  0Á946  0Á585  0Á920  0Á956  0Á538  0Á580  0Á860  0Á567  0Á809  0Á676   Eu  0Á393  0Á263  0Á406  0Á396  0Á307  0Á295  0Á264  0Á245  0Á348  0Á241   Gd  1Á510  0Á807  1Á520  1Á355  1Á200  1Á007  1Á000  0Á870  1Á269  1Á124   Dy  2Á003  1Á186  1Á900  1Á683  1Á615  1Á483  1Á620  1Á235  1Á757  1Á513   Er  1Á235  0Á762  1Á237  1Á064  1Á130  1Á188  1Á340  1Á126  1Á282  1Á351   Yb  1Á310  1Á000  1Á300  1Á141  1Á670  1Á613  1Á450  1Á490  1Á468  1Á693 (Continued)
The trace element patterns of the dunitic clinopyroxenes also differ in having positive Sr anomalies, which are negative both in the lherzolites and dykes. Finally, their Zr, Ti and Y concentrations are similar to those of websterite dykes, whereas Sc is definitely higher.
N d^S r I S O T O P E S
Strontium and neodymium isotopic data for clinopyroxene separates from two Cr-spinel layers (BC1A and BC1C), one websterite dyke (BC24) and four dunites (BC3, BC32, BC48 and BC50) are reported in (Fig. 10a ) these samples are compared with clinopyroxene and whole-rock data for lherzolites away from any websterite dykes, peridotites close to Cr-diopside websterite dykes, and Cr-diopside websterites. Only literature data with specific information on the relative position between websterite dykes and peridotite have been considered (Voshage et al., 1988; Obermiller, 1994) ; data lacking this information are shown only for comparison (Voshage et al., 1987; Shervais & Mukasa, 1991; Mukasa & Shervais, 1999 Sample:  BC28  BC30  BC41  BC45  BC34  BC35  BC38  BC205  BC206  BC207  BC7  BC8  BC24   SiO 2  52Á73  52Á77  53Á00  53Á76  53Á47  52Á48  53Á15  51Á97  51Á91  51Á53  51Á87  52Á37  52Á43   TiO 2  0Á30  0Á38  0Á40  0Á41  0Á39  0Á42  0Á22  0Á37  0Á50  0Á32  0Á40  0Á24  0Á32   Al 2 O 3  4Á03  3Á98  4Á21  3Á28  3Á71  3Á94  3Á55  3Á84  4Á32  4Á83  5Á26  4Á49  5Á20   Cr 2 O 3  1Á35  1Á33  1Á27  1Á23  1Á11  0Á99  0Á90  1Á31  1Á37  0Á99  0Á79  1Á01 Nd50Á3. Samples in our study plot together with the Cr-diopside dykes and the peridotites that are in close proximity to the Cr-diopside websterites.
The isotopic data on clinopyroxene separates from the Balmuccia peridotite samples of Obermiller (1994) define a 'reference line' corresponding to an age of 433 AE75 Ma, with an eNd i (CHUR) ¼ þ 4Á8. Obviously, this line is not an isochron and the data distribution in the Sm/Nd plot clearly suggests the effects of open-system processes in the Balmuccia peridotite massif and, particularly, the dunite body considered here.
In a present-day Sr^Nd isotope diagram ( Fig. 10b ) the dunites plot between the peridotites far from any dykes and the Cr-diopside websterites and peridotites close to the dykes.With respect to the MORB field (Hofmann,1997 ) the peridotites far from dykes represent a more depleted mantle, whereas the dunites plot in the MORB field.
D I S C U S S I O N A model for the Balmuccia dunites
Dunites occurring in ophiolite sequences are thought to represent focused flow channels of reactive melts derived from deeper mantle levels, which become olivine-saturated and pyroxene-undersaturated at the level of dunite occurrence (Kelemen et al., 1997; Braun & Kelemen, 2002 , and references therein). Because this process is robustly based on the polybaric variations of the primary phase boundaries in any mantle system, it can equally apply to the subcontinental mantle. Our discussion, therefore, regards mainly the origin of the melts whose focused flow produced dunites from both lherzolite and pyroxenite within the Balmuccia Massif.
The Balmuccia dunites have isotopic characteristics resembling those of the Cr-diopside websterite suite, which also occurs as depleted relics (Cr-diopside lenses) within the spinel-rich dunite domains. This suggests that the melts involved in the dunite genesis were kindred with the Cr-diopside websterites. On the basis of the trace element geochemistry, Rivalenti et al. (1995) inferred that the Cr-diopside websterites were generated by fractional crystallization of alkaline melts derived from a garnet-facies mantle source. Alkaline melts would have been potentially able to generate reactive dunites at mantle levels shallower than their source. Clear evidence of this is provided by the widespread presence of centimetre-to decimetrethick dunitic rims often observed at the dyke^wall-rock interfaces, interpreted as the result of the infiltration Table 3 and Electronic Appendix 2). It should be noted that clinopyroxenes of the Cr-diopside lenses inside dunite plot together with their host rocks and have a composition distinct from that of the Cr-diopside websterites. BC1A  0Á32  29Á86  36Á58  19Á90  0Á25  0Á13  13Á09  0Á00  100Á13  53Á96  45Á10   BC1B  0Á29  28Á97  40Á58  15Á34  0Á23  0Á12  14Á76  0Á00  100Á29  63Á17  48Á44   BC1C  0Á23  31Á54  35Á88  18Á90  0Á24  0Á11  13Á30  0Á06  100Á26  55Á63  43Á28   BC47  0Á36  32Á31  35Á44  16Á19  0Á22  0Á11  15Á06  0Á01  99Á71  62Á37 42Á39
Dunites þ Cr-diopside websterite lenses BC6  0Á06  51Á67  17Á49  11Á45  0Á10  0Á30  18Á57  0Á10  99Á74  74Á30  18Á50   BC20  0Á21  33Á71  34Á18  17Á30  0Á25  0Á09  14Á45  0Á01  100Á20  59Á82  40Á48   BC23  0Á25  37Á34  30Á48  16Á90  0Á19  0Á15  14Á97  0Á01  100Á28  61Á21  35Á38   BC27  0Á32  35Á54  32Á08  16Á28  0Á25  0Á09  15Á05  0Á00  99Á61  62Á23  37Á71   BC45  0Á35  34Á31  32Á83  17Á00  0Á20  0Á14  15Á02  0Á02  99Á87  61Á16  39Á09   Lenses   BC34  0Á12  38Á96  29Á37  15Á06  0Á15  0Á10  15Á63  0Á00  99Á41  64Á90  33Á58   Lherzolites at dunite contact   BC205  0Á19  35Á05  28Á94  20Á38  0Á30  0Á21  13Á95  0Á03  99Á06  54Á94  35Á64   BC206  0Á37  37Á76  28Á11  17Á85  0Á24  0Á25  15Á49  0Á00  100Á06  60Á73  33Á30   BC207  0Á06  54Á90  12Á24  13Á26  0Á21  0Á47  18Á58  0Á00  99Á72  71Á40  13Á01 Cr-diopside websterite dykes
FeO tot , total iron. into the wall-rock of the melts fractionating to form the websterite (Rivalenti et al., 1995; Mukasa & Shervais, 1999) . These 'wall'dunites differ from those studied here in several aspects, including their volumes (which are comparatively small), and their Mg-number values, which are similar to, or lower than those of the host lherzolite (Rivalenti et al., 1995) . Moreover, field evidence indicates that transformation into dunite also affected the websterite dykes, BC3  43Á54  3Á29  13Á56  1Á84  3Á33  0Á04  0Á11  16Á55  11Á96  4Á42  0Á03  98Á65  89Á85   BC48  44Á42  3Á25  12Á33  1Á50  3Á57  0Á09  0Á08  17Á30  11Á92  3Á54  0Á49  98Á47  89Á63 Dunites þ Cr-diopside websterite lenses
Cr-diopside lenses
Cr-diopside websterite dykes BC7  43Á56  2Á15  15Á59  1Á15  3Á87  0Á07  0Á15  16Á15  12Á66  3Á12  0Á23  98Á71  88Á14   BC44  43Á23  1Á50  15Á43  1Á04  4Á38  0Á08  0Á06  16Á55  12Á63  2Á98  0Á48  98Á38  87Á07 FeO tot , total iron. BC1A  57Á05  0Á12  1Á67  0Á38  5Á22  0Á15  0Á13  34Á79  0Á39  0Á04  99Á94  92Á23   BC1B  56Á79  0Á12  1Á91  0Á46  5Á26  0Á15  0Á07  35Á23  0Á49  0Á06  100Á54  92Á27   BC1C  57Á50  0Á09  0Á79  0Á15  5Á76  0Á11  0Á15  35Á00  0Á24  0Á03  99Á82  91Á55   BC46  57Á05  0Á13  2Á11  0Á31  5Á10  0Á16  0Á00  34Á91  0Á50  0Á02  100Á29  92Á42 Dunites þ Cr-diopside websterite lenses
Lherzolites at dunite contact
Cr-diopside websterite dykes BC7  54Á92  0Á08  3Á39  0Á33  7Á81  0Á18  0Á05  32Á46  0Á32  0Á02  99Á56  88Á10   BC8  54Á81  0Á06  3Á55  0Á41  7Á91  0Á20  0Á07  32Á21  0Á30  0Á01  99Á53  87Á89   BC24  55Á25  0Á04  4Á08  0Á31  6Á79  0Á20  0Á00  32Á83  0Á35  0Á01  99Á86  89Á60 FeO tot , total iron. VOLUME 50 NUMBER 7 JULY 2009 leaving spinel-rich relics of Cr-diopside lenses and ghost spinel-rich dykelets, similar to that illustrated in Fig. 3d . Although it is possible for a melt to react with, and reabsorb, its early cumulates, the system would rapidly evolve to clinopyroxene saturation; however, such a process is not observed in the Balmuccia Massif. Rather, the studied dunites point to an extreme pyroxenedissolution reaction that leaves only refractory phases, Fig. 9 . Normalized trace element and REE patterns of clinopyroxenes in the Cr-spinel layers (a, b); 'normal' dunites (c^f); one Cr-diopside websterite dyke (BC24) and websterite lenses inside dunite (g, h). Concentrations are normalized to estimated Primitive Mantle values (Hofmann, 1988) . Fields of Cr-diopside websterites and lherzolites away from pyroxenites are shaded in light and dark grey respectively (data from Rivalenti et al., 1995) .
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olivine and spinel, as residual minerals. Therefore, diffuse percolation of an alkaline melt appears unlikely for the genesis of the large dunite bodies discussed here.
An alternative hypothesis for the dunite genesis arises from field evidence that the Cr-diopside websterite suite consists of several dyke generations. Partial melting of early Cr-diopside websterites is proved by the occurrence of the previously described spinel-rich ghost websteritic dykelets (Fig.3d) . It is worth noting that only the earliest dyke generation underwent partial melting after its emplacement, attesting to a later thermal pulse affecting the intruded mantle sequence. Because of the lower solidus temperature of pyroxenite with respect to peridotite (e.g. Hirschmann & Stolper, 1996) this thermal pulse triggered, at a given depth, websterite, but probably not peridotite, partial melting.We hypothesize that dunites may be the final result of this partial melting event and the subsequent melt focusing episode, through a two-stage process schematically illustrated in Fig. 11 . The model we propose consists of the following steps: (1) the depleted lherzolite subcontinental mantle was veined by early Cr-diopside websterites; (2) a later thermal perturbation induced melting of the pyroxenites, whereas the lherzolite remained below the solidus; (3) the pyroxenite-derived melts pervasively moved through the host lherzolite, lowering its solidus temperature and thus triggering open-system partial melting; (4) melts released from the fertilized peridotite were progressively focused into channels and, by polybaric reaction, induced dunitization in the surrounding peridotite, even partially dissolving any pyroxenite layers encountered during ascent.
This model differs from a similar one proposed by Lundstrom et al. (2000) in that the flowing melts do not derive from mafic lithologies, but from portions of mantle peridotite refertilized by pyroxenite-derived melts. The reason to prefer our approach is the extremely high pyroxenite volume required if the composition of the reactively flowing melt is limited to pyroxenite derivation, as demonstrated by the modelling below. Cr-spinel layers
Cr-diopside websterite dykes (1987, 1988) ; Shervais & Mukasa (1991) ; Rivalenti et al. (1995) ; Mukasa & Shervais (1999) . MORB and OIB fields from Hofmann (1997) .
Numerical constraints to the model
In the absence of any experimental work on the Balmuccia pyroxenites, we have constrained our model by using the thermodynamic pMELTS program (Ghiorso et al., 2002) in the implemented version Adiabat-1ph (Smith & Asimow, 2005) . However, the pMELTS approach (Ghiorso et al., 2002) may overestimate the solidus temperature by $608C. Other problems are a systematic overestimation of the stability of orthopyroxene relative to olivine, an underestimation of garnet stability relative to clinopyroxene and a large dependence of modal spinel on the Cr 2 O 3 contents (Asimow et al., 1995) . Nevertheless, the resulting modal offsets do not exceed a few wt % and are close to the inaccuracy in the estimation of residual modes from melting modes (Smith & Asimow, 2005) . Except for uncertainties derived from the above points, the pMELTS results fit well with experimental results of peridotite and pyroxenite partial melting (Hirschmann et al., 1998 Smith et al., 2003) . Our model considers a mantle segment at 1Á5^0Á7 GPa, which is within the spinel peridotite facies, just below the plagioclase stability field.
Selection of input data
The Balmuccia Cr-diopside websterite suite consists of several dyke generations with a large compositional range even within the same dyke generation (Capedri et al., 1977; Fig. 11 . Schematic illustration of the two-stage model proposed for the origin of the melts undergoing focused flow. Pyroxenite with the MO375 composition undergoes incipient melting at 1Á5 GPa. The melt fertilizes the overlying peridotite. The peridotite solidus temperature decreases and the derived melts undergo polybaric focused percolation. The illustration shows the depth of dunite formation if reactive focused percolation affects peridotite and pyroxenite with the composition of BM90-36Cr. Comin- Chiaramonti et al., 1982; Rivalenti et al., 1995; Mukasa & Shervais, 1999) . The Cr-diopside pyroxenites directly related to the dunite genesis survive only as relics, possibly residual from the melting process, as revealed by the very high Mg-number of clinopyroxene (Table 3) . As there is no way to estimate the initial composition of the former websterites, we have chosen two pyroxenites from this study, MO375 and BM90-36Cr (Table 8) , because of their contrasting compositions (Fig. 12) . The composition of the host peridotite predating dunite formation used in the model corresponds to the average of the lherzolites away from pyroxenite dykes (Rivalenti et al., 1995;  Table 8 ).
Pyroxenite partial melting and induced open-system partial melting of the ambient peridotite
The anhydrous solidus temperatures for selected potential source rocks are reported in Table 8 . The lowest solidus is that of websterite MO375, which would, therefore, be the first to melt during any isobaric temperature increase. We have assumed that at 1Á5 GPa the temperature conditions are such that the peridotite remains in the subsolidus and produces only low-degree partial melts in the MO375 pyroxenite, corresponding to F ¼ 3Á5% (F is the melt mass fraction). At 1Á5 GPa, this pyroxenite produces nephelinenormative liquids up to F ¼ 39%. The melt corresponding to F ¼ 3Á5% (Table 9) , which contains 13Á4% normative nepheline, infiltrates the host lherzolite. Melt^peridotite reaction decreases the peridotite solidus and is characterized by strong orthopyroxene dissolution because of the silica undersaturation of the melt. Such reaction results in increased melt volume and peridotite porosity. This, in turn, could accelerate melt flow and promote further peridotite dissolution. The process has been simulated under isothermal conditions by adding 5% of MO375 melt to the peridotite with each P decrease of 100 bar over a pressure range of 1Á5^1Á47 GPa. The final modal and chemical composition of the hybrid peridotite is shown in Table 9 and the full numerical run can be found in Electronic Appendix 4. 
Focused flow through peridotite
Because of the reactions and melting during the hybridization process, the peridotite has been impregnated with 13Á4% melt, which is nepheline-normative (11% nepheline, Table 9 ). Such a melt volume is sufficiently large for melt segregation to occur (Toramaru & Fujii, 1986) ; focusing may nucleate at this level according to mechanisms thoroughly discussed by Aharanov et al. (1995) , Kelemen et al. ( , 1997 , Spiegelman et al. (2001) and Morgan & Liang (2005) . Melt impregnation has been thermodynamically modelled by Asimow & Stolper (1999) by fluxing a melt originating from a host peridotite [the primitive upper-mantle source composition of Hart & Zindler (1986) ] with a composition similar to that of the wall-rocks lining the flow channel. We have run the model under isentropic conditions between 1Á47 GPa (pressure of the enriched peridotite) and 0Á7 GPa with 100 bar stepwise pressure decrease, and with the oxygen fugacity fixed at the FMQ (fayalitem agnetite^quartz) buffer. According to Asimow & Stolper (1999) , focusing is simulated by assuming variable 'focusing factors' d (d indicates discrete) values, in our case between 1Á001 and 1Á1, where d is the ratio of melt flux infinitesimally immediately above and below a given level. When ¼1 focusing will not occur. Continuous focusing is characterized by the integrated focusing factor
, where m is the number of incremental focusing events between the root and the end of the column.
The main model results are reported in Table 10 and the modal variations are illustrated in Fig. 13 . The detailed numerical calculation is given in Electronic Appendices 5^8. Results from the model may be summarized as follows:
(1) Dunites are formed for all the assumed d values, but the pressure at which they first appear (e.g. modal olivine 490%) increases with increasing d ;
(2) Orthopyroxene is the last phase to be consumed and the opx-out pressure increases with d , so that the dunites formed with d ¼1Á001 always contain some residual orthopyroxene. No focusing (e.g. d ¼1) produces only harzburgites;
(3) The gap between the opx-out and cpx-out pressure decreases along with the increase of the opx-out pressure (i.e. at increasing d );
(4) Compositional variations in the residue and transient melt after dunite formation are negligible, indicating that dunites may be an efficient way for isochemical melt transport to occur.
In all cases the l value at the opx-out point (Table 10 ) is much lower than that estimated by Asimow & Stolper (1999) for orthopyroxene dissolution. This discrepancy is probably a consequence of the use of MELTS calibration in their model instead of p-MELTS as in the present case, and of the composition of the infiltrating melt. Besides, in the Asimow & Stolper model the infiltrating melt is silica-saturated, whereas the melt in our numerical simulations is silica-undersaturated and alkaline.
Our model shows that under the postulated conditions, dunites can be formed between 1 and 1Á2 GPa. The presence of relict orthopyroxene in the actual dunites may indicate that this mineral represents the final stage of dunite formation, just before the opx-out stage. The presence of clinopyroxene, which should disappear before orthopyroxene, can be explained by cooling-induced late fractional crystallization of the upwelling melts and/or closed-system crystallization of trapped melts in the dunite in the last phases of the process. Accordingly, it appears in textural and chemical disequilibrium with orthopyroxene.
Focused flow through the pyroxenite dykes
Pyroxenites are randomly distributed throughout the Balmuccia host peridotites as tabular bodies centimetres to several tens of metres long. They do not appear to be interconnected in three dimensions. It is therefore unlikely that the focused melt flow has remained trapped in each pyroxenite dyke in the entire Balmuccia mantle section. A focused channel randomly passing from peridotite to pyroxenite and vice versa would, however, impose severe difficulties on the modelling. We have, therefore, tested the effect of melt percolation in a large pyroxenitic body by 
BM90-36Cr
Dunite in (GPa) 0Á98
Cpx out (GPa) 0Á98
Sp out (GPa) 0Á86
simulating focused flow into two pyroxenite-host channels, represented by the composition of samples MO375 and BM90-36Cr, respectively. Supporting this unconstrained assumption is the virtual concordance of the dunite with the dominant peridotite foliation, which suggests that the focused channels had this orientation as well. In either model dunite generation requires high focusing factors (Table 10 and Electronic Appendices 9^11). In MO375, dunite-in occurs at 0Á87 GPa with d ¼1Á05 and at 1Á07 GPa with d ¼1Á1 (Fig. 13 ). BM90-36Cr gives similar results, but slightly lower pressure for dunitein (0Á98 GPa at d ¼1Á1) (Fig. 13) . In the initial dunites olivine coexists with clinopyroxene, and in the more developed dunites with large amounts of spinel (Fig. 13) . This behaviour appears only over a limited pressure range (1Á07^1Á01 GPa in MO375 and 0Á98^0Á86 in BM90-36Cr at d ¼1Á1).
In summary, pyroxenite-derived dunites require much higher focusing factors than the peridotite-derived ones. This is consistent with a lower porosity and melt interconnectivity in the pyroxenite with respect to peridotite. It is also likely to depend on the reactivity with the matrix of the melt flowing in the column. The melt derived from the peridotite open-system melting is, in our model, dominated by the composition of the pyroxenite-derived contaminant. It is, therefore, more reactive against peridotite than pyroxenite. It is furthermore evident that the transformation of an olivine-free (or olivine-poor) pyroxenite into dunite requires more extreme reactions (i.e. a higher volume of percolating melt) compared with peridotite, which is obviously already olivine-rich.
One consequence is that when a melt generated from a peridotite fertilized with a pyroxenite-derived melt flows into a heterogeneous sequence of peridotite and pyroxenite layers, it will possibly reduce the encountered lherzolite to dunite, leaving residues of partially resorbed websterite accompanied by Cr-spinel enrichments. The example shown in Fig. 3d accounts for local Cr-spinel enrichment over a ghost Cr-diopside that is almost completely dissolved, in good agreement with the results of our model.
Major element composition of the model dunites
The compositions of some model dunites (Electronic Appendices 6, 7, 8, 10 and 11) are compared in Fig. 14 Figure 14 also shows that olivines from peridotite-and BM90-36Cr-derived dunites at pressures50Á9 GPa have Mg-number values comparable with those of the measured olivines. In summary, there is good agreement between the observed and modelled compositions. Most of the observed differences are within error of the major element analyses.
Trace elements in the model clinopyroxenes
The Adiabat_1ph program also includes an estimate of the trace element variations in the modelled process. The results, using the partition coefficient set of Ionov et al. (2002) , are reported in Electronic Appendices 4^11. Model dunites may contain clinopyroxene only at the initial dunite-in stages. The model melts coexisting with the dunites, however, do contain CaO (Electronic Appendices 5^11), which would form clinopyroxene at temperatures below the solidus. In agreement with the textural evidence, we assume that clinopyroxene and additional granoblastic olivine derive from crystallization of residual interstitial melt. The trace element concentration in the potential clinopyroxene in equilibrium with the melts in the dunite range was estimated by using the consistent cpx/melt partition coefficients of Ionov et al. (2002) . The results compare favourably with the characteristics of the LREE-depleted natural clinopyroxenes (Fig. 15) .
Our models cannot explain the spoon-shaped patterns, which may result from weak chromatographic element fractionation related to the last phases of melt percolation during porosity reduction. Alternatively, these shapes may be generated by the channelized melt transport itself (Spiegelman & Kelemen, 2003) . In this case, strong chemical variability may occur between the centre of the channels, dominated by trace element enriched melts from depth, and the edges of the channels, which transport depleted melts extracted from the interchannel region. Element diffusion across the width of the channel may result in a large variety of trace element patterns, from depleted to spoon-shaped as in the samples evaluated in this study.
Composition of the extracted melts
A complete set of the major element and REE composition of the aggregated melts throughout the process of focused flow is reported in Electronic Appendices 5^11. The model melts are high-Mg alkali basalts. Normative nepheline concentration increases with increasing focused flow (i.e. at decreasing pressure) up to a virtually steady concentration in the dunite segment. Normative nepheline is in the range of 4Á8^3Á8% and 1Á8^0Á3% in the peridotite runs (at d ¼1Á1 and 1Á05, respectively), 3Á9^3Á7% and 6Á9^6Á7% in MO375 (at d ¼1Á1 and 1Á05, respectively) and 8Á2^8Á1% in BM90-36Cr (at d ¼1Á1). In all cases, the REE patterns are typically enriched: La n /Yb n is 2Á0 and 1Á9 (at d ¼1Á1 and 1Á05, respectively) in the peridotite, 2Á9 and 2Á6 in MO375 (at d ¼1Á1 and 1Á05, respectively) and 3Á2 in BM90-36Cr (at d ¼1Á1).
The average melt composition in the pressure range where dunite forms is reported in Table 11 for the various lithologies undergoing focused melt percolation, and for the considered d factors. The melts in the dunite segment represent the highest melt volume of the whole percolating region and are, therefore, those that most probably will be extruded to the surface.
Basalts with geochemical features resembling those of the melts resulting from our numerical modelling are well known along slow-and ultraslow-spreading sectors of midocean ridges. These regions are characterized by reduced magma production, thus allowing the compositional signal of pyroxenite-derived melts to be preserved in the erupted lavas. Figure 16a compares our melts from the dunite segments, recalculated to MgO 8 wt % by olivine fractionation (Table 11) , with the composition of lavas from the ultraslow-spreading South-West Indian Ridge (SWIR) basalts (Standish et al., 2008) and E-type (enriched) MORB lavas from the Mid-Atlantic Ridge (MAR) (14^158N, He¤ mond et al., 2006) . The MgO 8% melt composition is within the range for these E-MORB lavas. REE patterns of the model liquids also resemble E-type MORB lavas (Fig. 16b ) from the MAR (14^158N, He¤ mond et al., 2006), the Central Indian Ridge , the MARK area at 23820'N on the MAR (Donnelly et al., 2004) and the East Pacific Rise (EPR; Niu & Batiza, 1997) . Standish et al. (2008) proposed that the SWIR lavas are derived from melting of mafic lithologies and diffuse or focused (as our case) flow into the overlying mantle. He¤ mond et al. (2006) suggested the derivation of E-MORB along the MAR by melting of a mantle fertilized by alkali basalt or (Donnelly et al., 2004) by melts of subducting oceanic crust. These hypotheses are consistent with the model proposed here, in which the alkaline melts are formed by focused flow of liquids generated in a mantle source previously fertilized by pyroxenite-derived alkaline partial melts.
Finally, is there any evidence in the Ivrea crust of melts like those resulting from our model? The only suitable occurrences are represented by amphibolite dykes derived from the metamorphism of alkali basalts cropping out in the northwestern, structurally deeper, part of the volcanosedimentary Kinzigitic Formation (Sills & Tarney, 1984; Mazzucchelli & Siena, 1986) . The metamorphism of this formation predates the Permian intrusion of the igneous Ivrea^Verbano complex. The protoliths were of early Palaeozoic, possibly Devonian age. A relationship with the process recorded in the Balmuccia mantle, if Fig. 15 . REE patterns of the potential clinopyroxenes estimated from the model melts in equilibrium with dunite and of the last clinopyroxene to disappear at the dunite onset (data in Electronic Appendices 6 and 7), compared with the LREE-depleted clinopyroxenes from Fig. 9b . The data are normalized to estimated Primitive Mantle values (Hofmann, 1988) . demonstrated, would have very important implications for the geodynamic history of this region, but to constrain this hypothesis needs much more detailed geochemical work, which is, at present, lacking.
Final considerations
In agreement with the field observations, the models indicate that it is possible for dunites to form from different lithologies, both peridotite and pyroxenite, infiltrated by the same initial melt. The pressure range of dunite formation is largely model-dependent (e.g. by assuming a peridotite less fertile than that used here, pyroxenitederived dunites would form at higher pressure). Our modelling indicates only partial overlap in the pressure ranges of peridotite-and pyroxenite-derived dunites, which is consistent with the notion that those in peridotites form at greater depth. Fertilization by pyroxenite-derived melts allows dunite formation at comparatively greater depths than would be inferred on the basis of ophiolite occurrences. In fact, most of the ophiolite-hosted dunites are Ab  26Á30  0Á45  22Á30  0Á26  23Á30  0Á08  20Á13  0Á10  24Á93  0Á05   An  22Á34  0Á20  21Á48  0Á21  18Á35  0Á06  17Á44  0Á09  13Á93  0Á02   Ne  0Á48  0Á35  3Á99  0Á18  3Á76  0Á04  6Á79  0Á05  8Á19  0Á03   Di  21Á63  0Á37  21Á14  0Á30  30Á62  0Á14  27Á35  0Á17  31Á30  0Á10   Hy  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00   Ol  25Á97  0Á76  27Á68  0Á77  20Á17  0Á26  24Á41  0Á38  18Á51  0Á17   Mt  1Á47  0Á05  1Á50  0Á05  1Á78  0Á03  1Á76  0Á03  1Á34  0Á03   Il  1Á60  0Á02  1Á68  0Á02  1Á77  0Á01  1Á86  0Á01  1Á47  0Á00   La  6Á533  0Á090  7Á591  0Á095  6Á771  0Á033  7Á767  0Á046  8Á745  0Á023   Ce  17Á693  0Á244  20Á467  0Á257  19Á201  0Á092  21Á779  0Á128  21Á789  0Á057   Nd  11Á455  0Á158  13Á074  0Á163  13Á067  0Á061  14Á377  0Á085  11Á951  0Á031   Sm  3Á298  0Á045  3Á715  0Á046  3Á439  0Á015  3Á688  0Á022  2Á960  0Á008   Eu  1Á017  0Á014  1Á137  0Á014  1Á009  0Á004  1Á068  0Á006  0Á964  0Á003   Gd  3Á339  0Á046  3Á709  0Á046  2Á976  0Á013  3Á118  0Á018  2Á747  0Á007   Dy  3Á468  0Á047  3Á828  0Á047  2Á755  0Á012  2Á863  0Á017  2Á925  0Á008   Er  2Á199  0Á029  2Á422  0Á030  1Á577  0Á007  1Á641  0Á010  1Á695  0Á004   Yb  2Á316  0Á030  2Á542  0Á031  1Á741  0Á008  1Á814  0Á011  1Á822  0Á005 (continued) interpreted as resulting from processes at depths corresponding to the plagioclase stability field (e.g. Morgan & Liang, 2005) . The mechanism we have discussed here allows dunite formation to occur well within the spinel stability field, providing evidence for deep channelling that may also be active in the sub-ridge oceanic system. It could be significant that in MOR segments characterized by low extents of mantle melting the occurrence of alkaline silica-undersaturated melts is widely reported and their composition is similar to that of the model melts discussed here.
The preservation of dunite bands with different characteristics is consistent with the fact that the melts percolating through the two lithologies (peridotite and pyroxenite) have different compositions and viscosities (Electronic Appendices 5^11) and under laminar flow conditions would hardly mix.
The numerical simulations also account for other field observations: (1) the higher modal spinel in dunites containing websterite lenses, which is a model result of the pyroxenite BM90-36Cr runs; (2) the flow structures in the spinel layers, which is consistent with the flux of high melt Av., average; SD, standard deviation (1); F % percentage of olivine fractionation.
volumes during the dunite formation stage (Electronic Appendices 5^11) and consequent mineral segregation.
C O N C L U S I O N S
The dunites and associated Cr-spinel layers occurring as tabular bodies within the Balmuccia lherzolite have refractory bulk-rock and mineral phase compositions. The constant association between centimetre-size Cr-diopside websterite lenses, massive spinel layers and dunites that have high modal spinel abundances and the isotopic similarity of the dunites to the websterites of the Cr-diospide suite suggest that Cr-diopside pyroxenites were involved in dunite genesis. The Adiabat_1ph thermodynamic program has proved to be a powerful tool for modelling the dunite-forming process. We have assumed that the pyroxenite solidus is intersected by the P^T path at 1Á5 GPa and that pyroxenite incipient melts pervasively migrate through the host peridotite. The addition of pyroxenitederived melts lowers the peridotite solidus temperature, inducing open-system partial melting. The derived hybrid melts trigger focused flow into the overlying mantle. Dunites are formed by assuming flow through peridotite and into pyroxenite, and the depth at which dunite starts to appear is a function of the flow rate (the higher the flow rate, the deeper the dunite first appearance) and of the composition of the host rocks. The latter point is especially evident for the two modelled pyroxenites, one of which (MO375) produces relatively iron-rich dunites at greater depth, whereas the other (BM90-36Cr) produces spinelrich dunites compositionally comparable with the actual ones. Modelled trace element compositions and REE patterns correspond fairly well to the observed ones, except for a few features (e.g. spoon-shaped REE patterns) that are probably related to very late migration of small volumes of extremely evolved residual melts. Another result of the models is the virtual constancy of the melt compositions at the dunite stage and their large volume, both indicating that dunite channels are efficient pathways for large melt volumes. These melts are similar in composition to those sampled along the slow-and ultraslowspreading sectors of the MOR system, thus suggesting the possibility that this process is significant for melt generation beneath mid-ocean ridges. Dunite formation was a relatively old event in the history of the subcontinental mantle represented by the Balmuccia Massif. Although the dunites postdate the development of the regional depleted lherzolite composition, their close association with early Cr-diopside websterites, represented only by relics, indicates that they predate the intrusion of the main Cr-diopside dyke swarms that cut the dunite. Therefore, after the intrusion of the early Cr-diopside websterites, the Balmuccia mantle is inferred to have undergone a heating event that induced melting of these dykes and triggered dunite formation. The age of this thermal event is unconstrained. The Sm/Nd 'reference line' of 433 AE75 Ma and the Permian age of emplacement of the mafic^ultramafic Ivrea^Verbano complex suggest a Palaeozoic age for the accretion of the Balmuccia peridotite from the asthenosphere to the lithosphere. In this scenario dunite formation could represent a relatively early stage.
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